Correspondence to Athanase Benetos, MD, PhD, Department of Geriatrics, University Hospital of Nancy, 54511 Vandoeuvre les Nancy, France. E-mail a.benetos@chru-nancy.fr
A lthough early studies focusing on the relation between telomere length (TL) and atherosclerotic cardiovascular disease (ASCVD) have yielded mixed findings, more recent research, summarized in 2 meta-analyses, has confirmed that short TL, as expressed in leukocyte TL (LTL), is associated with ASCVD and its risks. 1, 2 However, the biological meaning of this association remains elusive. The prevailing explanation is that indolent inflammation and oxidative stress are the twin culprits, increasing the pace of atherosclerosis in tandem with age-dependent LTL shortening in adults. 3, 4 Alternatively, short LTL may precede the development of ASCVD and perhaps be a determinant in the development of the disease later in life, that is, TL plays a role in causal pathways rather than being solely a risk marker. Mendelian randomization of LTL genetic risk scores supports this supposition. [5] [6] [7] The question then is whether the association between a shorter LTL and ASCVD in adults reflects one or more of the following scenarios: (1) adults with ASCVD have inherently short LTL, established at birth; (2) individuals who go on to develop ASCVD later in life have a higher rate of LTL shortening before adulthood; and (3) LTL attrition is faster in adults with ASCVD.
A longitudinal study of LTL dynamics (LTL at birth and its age-dependent attrition thereafter) in which individuals are followed throughout their life course from birth onward could help resolve the uncertainty about the timing in the development of the LTL gap between subjects who go on to develop ASCVD versus those who do not. However, unless biobanked samples collected over the life course are available, outcomes of a new undertaking to resolve the timing of this LTL gap would not be known for many decades and the cost would be formidable.
We have proposed, instead, a blood-and-muscle model of TL dynamics to assess the potential role of inherently short TL versus a faster age-dependent LTL attrition in the development of ASCVD in adults. 8, 9 The model is based on the following considerations: an individual is born with similar TLs in different tissues and cells, [10] [11] [12] whereas a wide variation in TL is observed across individuals from birth onward. 8, 10, [13] [14] [15] During extrauterine life, age-dependent TL shortening within the individual varies in proportion to the replicative activities of somatic tissues, such that TL in skeletal muscle, a minimally replicating somatic tissue, is longer than TL in leukocytes, which represent the highly proliferative hematopoietic system. Thus, a faster attrition of LTL than muscle TL (MTL) during the first 2 decades of life is the main contributor to the LTL-MTL gap. 8 During adulthood, this gap may further expand. Still, if MTL serves as a proxy of LTL early in life, the gap between LTL and MTL would yield an estimate of LTL attrition up to the sampling age. We applied this blood-and-muscle model to gain further insight into the relation between TL and ASCVD.
Methods
The data of this study can be available from the corresponding author on request from a third party.
Discovery Cohort
The overall goal of the TELARTA study (Telomere in Arterial Aging) is to examine the role of telomere dynamics in arterial aging and the development of atherosclerosis. This arm of our study has focused on measuring TL in skeletal muscle and leukocytes of patients with Figure I ). Muscle biopsies were obtained from six different sites in different patients (Online Table I ). All participants provided written informed consent approved by the Ethics Committee (Comité de Protection des Personnes) of Nancy, France.
Patients with ASCVD included individuals with a history of 3 types of clinically evident atherosclerosis in (1) the coronary arteries (n=62), (2) carotid and cerebral arteries (n=43), and (3) iliac, femoral, and popliteal arteries (n=74). Among the 131 ASCVD patients, 84 patients had clinical ASCVD in 1 of these 3 sites, 46 patients in 2 sites, and 1 patient in all 3 sites. The control group comprised 128 participants with no clinical manifestations of ASCVD. We also matched 79 pairs by age (±2 years) and sex, such that one member of the pair displayed ASCVD and the other did not.
We excluded subjects with a body mass index (BMI) >40 kg/ m , 16 active malignancy, or history of chemotherapy/radiotherapy for cancer. We excluded 11 subjects with aortic aneurism because the atherosclerotic nature of this arterial disease is debatable.
Replication Cohort
This cohort was enrolled in 3 sites: the university hospitals of Nancy and Marseille (original sites of the TELARTA study); these sites enrolled 91 individuals. In addition, 52 individuals were enrolled at 3 Athens hospitals (Onassis Cardiac Surgery Center, Surgeon KP; Iaso General Hospital Surgeon MVG; Hippokration Hospital, Surgeon EM). The samples collected from these hospital have been collected at the Laboratory for Experimental Surgery and Surgical Research N S Christeas of the University of Athens. We relaxed the inclusion criteria for the replication cohort, including individuals that were excluded from the TELARTA, that is, BMI >40 kg/m 2 , glomerular filtration rate under 30 mL min 
TL Measurements
TL was measured in DNA extracted by the phenol/chloroform method from peripheral blood leukocytes and skeletal muscle (≈50 mg) in the surgical field. Measurements were performed in duplicate by Southern blots of the terminal restriction fragments, as previously described. 17 The measurement repeatability, as determined by the intraclass correlation coefficient, was 0.99 (95% confidence interval, 0.817-1.0) and 0.98 (95% confidence interval, 0.81-1.0) for LTL and MTL, respectively. The repeatability of the means of 2 duplicates (used in the analysis), known as the extrapolated repeatability, was 0.995 and 0.991 for LTL and MTL, respectively (equation 37 in ref 18 ).
Statistical Analysis
Continuous variables are presented as means±SD or mean±SE and discrete variables as frequencies or percentages. Pairwise comparisons were performed using the Mann-Whitney and χ 2 tests, as appropriate. Telomere values are presented and compared with or without adjustment to age and sex. Statistical analyses were performed using the Number Crunching Statistical System (NCSS) 9 statistical software package (NCSS, Kaysville, UT) and JMP (v.9) software (Cary, NC). A paired t test was used for the intrapair comparison of matched subjects by age (±2 years) and sex. Bivariate relationships between continuous variables were determined using Pearson correlation coefficients. More complex analyses were performed using general linear models, assuming a normal error distribution for the analyses of variation in LTL and MTL and the derived telomere estimates below. Visual inspection of Q-Q plots of the residuals for LTL, MTL, and the derived telomere estimates supported the normality assumption. For the comparison of age effects between LTL and MTL, we used a general linear mixed model with donor identity introduced as a random effect to account for the statistical nonindependence of LTL and MTL within donors. ASCVD prevalence was analyzed using logistic regression (ie, accommodating the binomial error distributions). A P value <0.05 was considered significant.
In analyses with MTL as the dependent variable, we included the biopsy site as a factor, and when calculating TL odd ratios, we adjusted MTL for muscle site (ie, MTL A ). The adjustment consisted of the addition of the site-specific difference between the weighted mean MTL (8.54 kb) and the site-specific least square mean MTL, estimated from a model that also included age and sex (Online Table  II ). Muscle site adjustment was made only for the discovery cohort. There was no effect of muscle site on MTL in the Replication Cohort.
Given that both TL measurements (LTL and MTL) may relate to ASCVD in differing ways, the following possibilities were tested: (1) only LTL is associated with ASCVD; (2) only MTL A is associated with ASCVD; (3) the absolute gap between LTL and MTL A (LTL-MTL A ) is associated with ASCVD; and (4) the ratio between LTL and MTL A (LTL/MTL A ) is associated with ASCVD. Models that included age and sex were fitted separately for each of these variables. Model selection was based on the Akaike Information Criterion with a correction (AICc). 19 Values of P <0.05 and ΔAICc >2 were considered as statistically significant.
Results

Discovery Cohort
Characteristics of the cohort are summarized in Table 1 . Participants with ASCVD were older, more likely to be males, and showed a higher prevalence of cardiovascular risk factors.
LTL and MTL A were strongly correlated (slope±SE; 0.896±0.052; P<0.0001), but MTL A was longer (mean±SD; 8.54±0.72 kb) than LTL (6.66±0.88 kb) in all individuals (n=259) regardless of biopsy site (Figure 1 ). The mean difference LTL-MTL A was −1.88±0.61 kb, and the mean ratio LTL/ MTL A was 77.9±7.0%.
Effect of Age on TL
Both LTL and MTL shortened with age (Online Figure III) . The rate of TL shortening was independent of sex in both tissues (age×sex interaction; P>0.49; Online Table II) and muscle biopsy site (age×muscle type; P>0.55). Adding age squared to the model did not significantly increase the explained variance 
ASCVD and TL Dynamics
Individuals with ASCVD had 282±100 bp shorter age-and sex-adjusted LTL than those without ASCVD (t=2.83; df=267; P=0.005); this difference was independent of age and sex (interactions with ASCVD when added to the model, P>0.2). MTL A was not different in patients with versus those without ASCVD. As shown in Figure 2 , the gap between LTL and MTL widened with age at a similar rate in patients with ASCVD and controls (LTL-MTL A : slope ± SE; −14.9±0.5 versus −14.6±0.3 bp/y, respectively; ASCVD×age interaction: P>0.9). Similarly, the LTL/MTL A ratio diminished at the same rate in patients with ASCVD and controls (slope %±SE; −0.19±0.05 versus −0.20±0.03%/y, respectively; ASCVD×age interaction: P>0.8). The LTL difference between individuals with and without ASCVD was significantly greater than that observed for MTL A (t=4.69; P<0.0001). Both LTL-MTL A and LTL/MTL A were significantly different in individuals with ASCVD compared with the controls (both t>3.7; P<0.001; controlling for age and sex; Figure 3 ).
Best Fitting Blood-and-Muscle Model
Having examined the age-and sex-adjusted LTL-MTL A and LTL/MTL A models in individuals with and without ASCVD, we next compared the ability of the 4 TL models (LTL, MTL A , LTL-MTL A , and LTL/MTL A ) to capture the association of TL with ASCVD (Table 2 ). In addition to age and sex, age squared was also included in the models because preliminary analysis revealed that the association between age and ASCVD prevalence in our sample plateaued after 60 years.
When TL was added to this model (Table 2 ; Z-transformed for comparability), the odds ratio (OR) was lower, that is, stronger, for LTL compared with MTL A (0.63 versus 1.00), and the AICc was significantly lower (ΔAICc=−7.25). LTL-MTL A and LTL/MTL A yielded ORs of 0.57 and 0.54, respectively, and substantially better fitting models (Table 2) . Moreover, the LTL/MTL A model yielded a slightly better fitting model than LTL-MTL A model (ΔAICc=1.55; Table 2 ). Additional adjustment of LTL/MTL A , the best fitting model, for diabetes mellitus status, ever smoking, dyslipidemia, BMI, and hypertension had little effect on the association (OR, 0.55; compared with OR=0.54 without these covariates in the model; see Online Table III for details). Figure 4) .
Association of ASCVD Sites With TL Parameters
Results for Matched Pairs
Because participants with ASCVD were older, more likely to be males, we also analyzed data for matched pairs. Online Table IV shows the results of the t paired analyses for the 79 age-and sex-matched pairs. Individuals with ASCVD had shorter LTL (P=0.023), wider LTL-MTL A (P=0.022), and lower LTL/MTL A (P=0.0097). MTL was not different in the 2 groups (P=0.59). Additional analyses separately in men and women of the Discovery Cohort showed similar impact of ASCVD in both sexes (Online Table V 
Replication Cohort
Characteristics of participants are shown in the Online 
Effect of Age on TL
Both LTL and MTL shortened with age. The rate of decline was independent of sex in both tissues (age×sex interaction, P>0.6). Adding age squared to the model did not significantly increase the explained variance in LTL or MTL (both P>0. 19 
ASCVD and TL Dynamics
In the Replication Cohort, the difference in the TL dynamics between ASCVD and controls was closely comparable to those observed in the Discovery Cohort. Individuals with ASCVD had 189.3±113.3 bp shorter age-and sex-adjusted The same models stratified by sex are reported in Online Table VII . TLs were transformed to Z scores. Age squared was divided by 100 to yield more informative estimates. Coding of sex: women=0, men=1. P values based on likelihood ratio tests. AICc represents Akaike Information Criterion with a correction for finite sample sizes. 19 CI indicates confidence interval; LTL, leukocyte telomere length; MTL A , MTL adjusted for muscle biopsy site; OR, odds ratio; and TL, telomere length. *ΔAICc is relative to the best model, ie, the model with LTL/MTLA as TL variable.
LTL than those without ASCVD (t=1.67; df=139; P<0.1; and this effect was independent of population: interaction ASCVD×country of recruitment: P>0.9). MTL did not differ significantly between subjects with versus without ASCVD (P=0.9). Both LTL-MTL and LTL/MTL were significantly different in individuals with ASCVD versus controls (both t>2.0; P<0.05, controlling for age and sex; Online Figure VI When TL (Z-transformed for comparability) was added to a model with age, age squared, and sex (Online Table VII,  corresponding to Table 2 for the Discovery Cohort), the OR was lower, that is, stronger, for LTL compared with MTL (0.58 versus1.03), and the AICc was significantly lower (ΔAICc=−5.64). LTL-MTL and LTL/MTL yielded ORs of 0.60 and 0.56, respectively, and better fitting models (Online Table VII ). Moreover, the LTL/MTL A model yielded a slightly better fitting model than LTL-MTL A model (ΔAICc=1.35; Online Table VII) . Adjusting all these analyses for the presence of cancer, morbid obesity, and severe renal failure did not affect these associations.
Discussion
The central findings of this study are that patients with ASCVD display a shorter LTL, a wider gap between LTL and MTL A , and a smaller ratio of LTL/MTL A than controls. These differences between patients with ASCVD and controls were consistent across the age range of the studied population ( Figure 2) . Moreover, the severity of ASCVD, as defined by the number of sites with atherosclerotic plaques, scaled with these 3 TL models (Figure 4) , lending further confidence in the validity of the findings. MTL (adjusted for muscle site for the Discovery Cohort) was not significantly different between patients with ASCVD and controls, suggesting that LTL attrition is the main explanation for the shorter LTL in patients with ASCVD.
The LTL-MTL gap in the participants (mean age 63 years for the Discovery Cohort) in this study was 1.87 kb. In our previous study, comprising younger adults (mean age, 44 years), the LTL-MTL A gap was 1.55 kb. 8 Moreover, the rate of LTL attrition in the present study was found to be faster compared with MTL, in contrast with our previous findings in a younger cohort. 8 This is attributed to the older age of the Discovery Cohort, a finding supported by a longitudinal study. 20 Although LTL attrition across the cohort was best described by a linear function, analysis of TL attrition in individuals <60 years in the Discovery Cohort, mean age 45 years, without ASCVD showed similar slopes for LTL/age (−30.53±8.42bp/y) and MTL/age (27.01±7.34 bp/y), both being close to findings in the previous study 8 (not shown). In a recent study, examining the blood-and-muscle model in fetuses and children, we generated data showing that TL is largely determined very early in life and that at least 1 kb of the LTL-MTL A gap is established before adulthood. 21 As the pace of widening the LTL-MTL A gap in the present study is similar in participants with ASCVD versus controls, we infer that the wider LTL-MTL A gap and smaller LTL/MTL A in ASCVD patients than controls were principally established before adulthood.
Further support for this inference comes from the following findings: first, in a 9-year longitudinal study, we observed the same rate of LTL attrition in individuals with carotid atherosclerosis and controls. 22 Second, given that LTL is highly heritable and LTL attrition is also heritable to some extent, 23, 24 long or short LTL might be largely inherent. Third, genetic analyses, including Mendelian randomization, show that single-nucleotide polymorphisms associated with LTL are also associated with ASCVD. [5] [6] [7] Some of these single-nucleotide polymorphisms are in loci that harbor telomere maintenance genes, for example, TERC, TERT, CTC1, and OBFC1. [5] [6] [7] Such findings largely exclude reverse causality, that is, ASCVD causing TL shortening. Together, these findings suggest that the wider LTL-MTL gap in ASCVD patients than controls is probably because of higher early-life LTL attrition in these subjects, which could be influenced by both genetic and environmental factors.
We acknowledge several limitations of the study. First, the sample size is modest, although this drawback was offset in part by the high reproducibility of the Southern blot measurements of TL. Moreover, we replicated the findings in another cohort. Second, our cohort comprised participants who underwent various surgical procedures for a host of conditions, rather than individuals who were subjected to elective muscle biopsies. Thus, although statistically adjusted for the different sources of muscle biopsies, residual confounding cannot be excluded. In addition, although the muscle site influenced TL in the Discovery Cohort, it had no apparent effect in the Replication Cohort. Third, subjects with ASCVD were older and comprised more males than controls, although age and sex were adjusted in the statistical analyses. Moreover, paired comparisons of subjects with ASCVD with age-and sex-matched controls confirmed the findings. Last, several control subjects had cardiovascular risk factors and might have subclinical ASCVD, which would tend to underestimate the association. This is the first study applying the blood-and-muscle TL model in the context of ASCVD. Our findings suggest that a higher attrition rate in early life might be a major explanation of the shorter LTL in ASCVD patients than controls. Thus, although age (aging) is the principle determinant of ASCVD risk, LTL may modify this risk and the timing of developing the clinical manifestations of ASCVD ( Figure 5 ). Our findings underscore the importance of understanding TL dynamics before the clinical manifestations of ASCVD. Such life-course information is crucial for gaining a better understanding of the role of telomeres in human health. We have relied on skeletal muscle as a reference for deriving such information. Whether other minimally dividing tissues, for example, subcutaneous fat, 8 may serve this purpose is unknown at present. Finally, it is yet to be determined whether the blood-and-muscle TL model might reveal insight into the role of telomere biology in other human diseases and in ethnic groups other than individuals of European ancestry. Figure 5 . Atherosclerotic cardiovascular disease (ASCVD) prevalence in the sample as a function of telomere length and sex for ages 50 and 80 years. Lines were computed for leukocyte telomere length (LTL) and LTL/site-adjusted muscle telomere length (MTL A ) using the coefficients in Table 2 . Lines drawn over 95% TL range in the data for the 2 sexes. Note that ages 50 (dashed lines) and 80 (solid lines) were chosen for illustration purpose only; age was entered as continuous variable in the analyses.
